Molecular Catalysis 558 (2024) 114035

Contents lists available at ScienceDirect
Molecular Catalysis

journal homepage: www.journals.elsevier.com/molecular-catalysis

Research Paper

Check for

Modulating selectivity in CO2 Methanation through Rhodium catalysts | e
supported on Zirconia-Chemically grafted SBA-15

K.A. Gémez-Flores >", A. Solis-Garcia”, S.A. Jimenez Lam ?, M.E. Cervantes-Gaxiola?, R.
I. Castillo-Lépez?, J.P. Ruelas Leyva®, S.A. Gémez®, E. Flores-Aquino ", T.A. Zepeda >’

2 Facultad de Ciencias Quimico Bioldgicas, Universidad Auténoma de Sinaloa, Josefa Ortiz de Dominguez, Ciudad Universitaria, Culiacan, Sinaloa, 80013, México
b Centro de Nanociencias y Nanotecnologia, Universidad Nacional Auténoma de México, Carretera Tijuana- Ensenada km 107, Ensenada B.C. 22800, México
¢ Departamento de Ingenieria de Procesos e Hidraulica, UAM-Iztapalapa, Av. San Rafael Atlixco No. 186, Col. Vicentina, Ciudad de México, 09340 México

ARTICLE INFO ABSTRACT

Keywords:

CO, utilization
CO, methanation
CO, selectivity
Rh-based catalyst
In-situ FTIR
SBA-15

This study presents the impact of ZrO; incorporation on Rh-supported SBA-15 catalysts for CO5 hydrogenation.
ZrO, was chemically grafted onto the SBA-15 surface, varying concentrations of ZrO; from 5 to 20 wt.%. The
ZrOo-free catalyst favored CO production, leaning towards the reverse water gas shift reaction. The addition of
ZrO4 notably enhanced catalytic activity and led to a significant shift in selectivity towards methane production.
The selectivity modulation is linked with the modified surface of SBA-15, covered with a ZrO, phase. The FTIR
characterization under reaction conditions evidenced Rh-carbonyls formation in all samples. However, in cat-

alysts materials with ZrO,, formate species are also formed, probably promoted by the Zr-OH groups. A linear
relation between formate species and the CHy selectivity suggests that the methane formation could be associated
with the hydrogenation of formate species, while the desorption of carbonyls on Rh can explain the CO

generation.

1. Introduction

It is clear that continued dependence on fossil fuels results in sig-
nificant atmospheric CO5 emissions and hastens climate change [1,2].
The challenges of rising CO, levels demand solutions that lead to
reduced emissions, capture and convert CO; into value-added resources,
offering a comprehensive approach to curbing persistent global warm-
ing [3-5]. Among these solutions, the strategy of harnessing atmo-
spheric pollutants to produce renewable and clean energy is particularly
notable [6-8]. Since CO5 is a primary contributor to environmental
pollution, numerous strategies have been proposed for its catalytic
conversion into methane, methanol, higher alcohols, and hydrocarbons
[8,9]. However, due to the inherent thermodynamic stability of the CO5
molecule, its conversion becomes challenging and requires chemical
reactions at elevated temperatures and pressures [10-12].

In 1902, Sabatier and Senderens [13] first documented that CO5
methanation can occur at atmospheric pressure and temperatures below
400°C in the presence of a Ni catalyst. The CO methanation seems like a
simple reaction; however, parallel side reactions concurrently occur.
Subsequently, Choi et al. [14] provided a comprehensive analysis of the
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catalytic CO, methanation process as described in Eq. (1):
CO; + 4H; < CH4 + 2H,0 (@D)]

Simultaneously to the direct CO, methanation, the reverse water gas
shift (RWGS) and CO methanation reactions can occur in parallel, rep-
resented by Eq. (2) and Eq. (3), respectively.

CO;, + H, & CO + H,0 (&)
CO + 3H, < CH, + H,0 3

The principal challenge lies in designing catalysts that catalyze CO,
methanation at lower temperatures and high conversion rates, while
suppressing parallel reactions such as RWGS and CO hydrogenation.
Aiming for this goal, several authors have thoroughly investigated the
methanation of CO5 catalyzed by various metals, such as Ru [15-19], Rh
[20-22], Pd [23-25], and Ni [26-30], which are typically dispersed on
the surfaces of metal oxides like ZrO, [23,26,31-32], TiO4 [18,20,21,
30], CeO2 [17,33-35], zeolites [22,36-37], AlyO3 [38], SiO4 [39] and
metal-organic frameworks [40-41]. These supports have demonstrated
an impact on the catalyst activity, suggesting that they are frequently
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not inert and lead to complex metal-support interactions [42-43] and
could even play an important role in the reaction mechanism during the
CO, methanation [44-45].

Among the mentioned catalysts, zirconia-supported Rh catalysts are
the most commonly used for CO, methanation due to their high activity
and selectivity towards methane, suppressing the RWGS reaction and,
consequently, the CO methanation pathway [46]. However, pure
zirconia-based supports for preparing CO, methanation catalysts present
one important disadvantage: these generally have a low surface area
(typically ~20-125 m2g~1). In this sense, some studies reported the
synthesis of amorphous zirconia supports with a significant specific
surface area (190-240 m2g~!). However, these materials usually have
low crystallinity and stability, which are not optimal to synthesize cat-
alysts for the methanation of CO3 [47-48].

Additionally, two strategies have been proposed for introducing
zirconia into mesoporous material: (i) post-synthesis deposition using
the incipient wetness impregnation of the zirconia precursor onto the
surface [49-50] and (ii) in-situ modification with zirconia ions incor-
poration during the synthesis. However, these present drawbacks
considerably limit their practical applications [51]. The former often
results in particles with limited dispersion and weak surface interaction,
while the latter weakens the structure stability when zirconia content
exceeds 10 wt.%.

An alternative approach involves chemical grafting of ZrO, onto
high-surface supports by the post-synthesis method, where heteroatom
species are introduced to the surface of mesoporous materials. Several
reports indicate that zirconia incorporation into the SBA-15 matrix
through chemical grafting enables the deposition of highly dispersed
Zr0, species onto the SBA-15 surface (450-700 m%g~1), modifying its
chemical properties without significant changes to its structure and
texture [52-54]. This ensures that it remains accessible for interactions
with supported metal catalysts.

Therefore, the present work explores the impact of incorporating
variable amounts of zirconium oxide (5-20 wt.%) onto the surface of
SBA-15 using a post-synthesis chemical grafting method with the aim to
synthesize Zr-modified samples with high dispersion on the SBA-15
molecular sieve surface, resulting in enhanced Rh dispersion and,
thus, an increased CO, methanation activity. Furthermore, we hypoth-
esize that the presence of zirconium oxide leads to the appearance of
diverse surface species under reaction conditions, which can modify the
reaction pathways toward different products.

2. Experimental

2.1. Synthesis of SBA-15 and chemical grafting of Zirconium-modified
SBA-15 supports

SBA-15 was synthesized via sol-gel technique by dissolving 1.92 g of
block copolymer (Pluronic 123) in 75 mL of a 4 M HCl solution at 35°C.
Subsequently, 4 g of tetraethyl orthosilicate (TEOS) was incorporated
into the mixture under robust stirring conditions and stirred for 24 h.
The resulting sol was then exposed to hydrothermal treatment at 90°C
for 24 h to produce the gel. After this, the product was filtered, dried at
110°C for 18 hours, and calcinated at 500°C for 6 h, with a heating rate
of 1°C/min.

Zirconium (IV) propoxide (a 70 wt.% solution in 1-propanol) was
used as the zirconia source. For the grafting process, calcined SBA-15
was mixed into this 1-propanol solution (with a ratio of 100 mL/g)
and allowed to slurry for 8 h at room temperature. The material was
subjected to three ethanol washes post-filtration to remove excess zir-
conium precursor. Finally, the solid was air-dried at room temperature
and calcined in a static air environment at 550°C for 5 h. The samples
were synthesized varying the ZrO, loadings of 5, 10, 15, and 20 wt.%.
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2.2. Synthesis of Zirconium-modified SBA-15 supported Rh catalysts

The catalysts were synthesized through the wet impregnation
method, using an RhClg solution in deionized water with the appropriate
concentration to achieve a 1 wt.% of Rh loaded. The support material
was immersed in the RhCl3 solution and stirred continuously at room
temperature for one hour. Subsequently, the solvent was removed by
heating at 80°C, and then the samples were dried at 100°C and calcined
at 450°C for 5 h.

2.3. Characterization methods

The zirconia and rhodium content were quantified using an ICP-AES
Perkin Elmer Optima 3300DV instrument.

Textural properties were evaluated using the N, adsorption-
desorption isotherms at -196°C on a Micromeritics TRISTAR III sys-
tem. Before the analysis, samples were pre-treated by outgassing at
200°C for 10 h.

X-ray diffraction measurements were performed using a PANalytical
Aeris diffractometer outfitted with a Pixel 1D detector and a Cu Ka ra-
diation source (A = 1.5405 A), with a step size of 0.021°/min, in the 20
range of 10 to 80°.

The UV-vis diffuse reflectance spectroscopy (DRS UV-vis) measure-
ments were carried out with an Agilent Cary-5000 UV-Vis spectropho-
tometer equipped with a Praying Mantis diffuse reflection reaction cell
(Harrick Scientific).

Temperature-programmed reduction (TPR) analyses were conducted
using a Quantachrome ChemBET Pulsar equipment. About 30 mg of the
sample was first degassed at 150°C under a N flow for 1 h. After cooling
to room temperature, the TPR analysis was performed by heating the
sample in a U-tube reactor to 650°C at 10°C/min in a 10% Hy/Ar
mixture at 25 mL/min.

X-ray photoelectron spectra (XPS) were acquired using a SPECS®
spectrometer with a PHOIBOS® 150 WAL hemispherical energy
analyzer with sub-degree angular resolution (< 0.5°), equipped with
both XR 50 Al-X-ray and p-FOCUS 500 X-ray monochromator sources for
Al excitation lines. Charge-related effects were adjusted by setting the C
1s peak binding energies of adventitious carbon to 284.5 eV.

TEM images of the samples were obtained using a JEOL JEM-2100F
(STEM) microscope with energy dispersive X-ray spectroscopy (EDX),
operating at 200 kV and 54 pA. The samples were pretreated in a 30 mL/
min Hj flow at 300°C for an hour. Then, they were dispersed in iso-
propanol using an ultrasonic bath. The resulting suspension was
deposited onto a copper grid, and the solvent was evaporated at room
temperature.

2.4. Catalytic evaluation

Catalytic evaluations were measured in a specially designed packed
bed reactor, linked in real-time to a Shimadzu 12-A chromatograph with
a thermal conductivity detector (TCD), using 5A and Porapack Q packed
columns. 60 mg of catalyst was placed in a microreactor with an internal
diameter of 6 mm. The catalyst was treated in situ at 300°C for 1 h under
30 mL/min of Hy flow. Following the reduction stage, the catalyst was
cooled to an initial reaction temperature of 150°C. The gas flow was then
switched to a reactive mixture of 20% CO, and 80% Hp, achieving a 1:4
molar ratio of COy:Hy with a flow rate of 15 mL/min. The gas hourly
space velocity (GHSV) was set at 15,000 h™! for these experiments. The
catalytic activity was evaluated by means of CO conversion (X¢o,) and
selectivity towards CH4/CO products (Scus or Sco) under steady-state
conditions from 150°C to 300°C. These parameters were calculated ac-
cording to the following Eqs. (4-6):

Fcozin — FCOZOMI

Xco,(%) = x100 “4)

FCOZ in
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Fep,out

Seuy (%) = 100 ®)

FCOg in— F‘(;O2 out

Feoout

_reot™
Fco,in — Feo,out

Where F; represents the molar flow rate of each component, either at
the inlet or the outlet, measured in mol/s. As outlined in our prior report,
the Axial Dispersion Criterion (ADC) was calculated using the Mears
equation to evaluate possible mass transfer limitations [46].

2.5. FTIR characterization under reaction conditions

The FTIR spectroscopy characterization under reaction conditions
was performed in an Agilent 660 spectrophotometer equipped with a
transmission cell/flow reactor ISRI and CaFy windows. Self-supporting
wafers of the catalysts with a thickness of 40 mg cm ™2 were prepared
by pressing the powdered samples at a pressure of 10 tons. Before CO»
methanation experiments, the self-supporting wafers were treated with
40 mL/min of a reducing mixture (20% Hy, balance N5) at 300°C for 1 h.
Then, the samples were cooled down to 150°C. For the CO, methanation
experiments, the reduced samples were exposed to 40 mL/min of the
reaction mixture (6.25% COy/ 25% Hy/ 68.75% N5 vol/vol) while the
temperature of the FTIR cell/flow reactor was increased from 150 to
300°C, at a heating rate of 2°C/min. The IR spectra were recorded with a
resolution of +4 cm ™1,

3. Results and discussions
3.1. Characterization of the samples

Table 1 presents the labeling, textural properties, and chemical
composition of the synthesized supports and catalysts. Theoretical ZrOy
loadings for the synthesized materials were set at 5, 10, 15, and 20 wt.%.
The actual ZrO; contents in the synthesized materials closely matched
the theoretical content up to a 15 wt.% ZrO, loading, meaning the
effective ZrO, incorporation onto the SBA-15 surface up to this load. For
ZrO, loadings exceeding 15 wt.%, complete grafting of Zr species onto
the SBA-15 material was not achievable, probably due to surface satu-
ration. This saturation appeared to occur around 18.8 wt.% ZrOy
loading. It is important to mention that any excess alkoxides lacking
chemical interaction with OH groups were removed through washing

Table 1
Labeling, composition” and textural properties of the samples.

Material Labeling Composition SBET Vp (cm® d,
7o, R (rgf gh (nm)
Wt%) (. &)
%)

SBA-15 S - - 845 1.06 7.2

SBA-15; Zr 5 SZr05 4.6 - 814 0.99 7.0
wt.%

SBA-15; Zr 10 SZr10 9.5 - 738 0.96 6.7
wt.%

SBA-15; Zr 15 SZrl5 14.7 - 685 0.89 6.5
wt.%

SBA-15; Zr 20 SZr20 18.8 - 628 0.81 6.2
wt.%

Rh/SBA-15 C - 0.97 845 1.04 7.1

Rh/SBA-15; CZr05 4.5 0.98 817 1.00 6.9
Zr 5 wt.%

Rh/SBA-15; CZr10 9.4 0.96 728 0.97 6.6
Zr 10 wt.%

Rh/SBA-15; CZrl5 14.6 0.95 689 0.86 6.3
Zr 15 wt.%

Rh/SBA-15: CZr20 18.6 0.94 624 0.82 6.0
Zr 20 wt.%

2 Obtained from ICP-AES
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with dry ethanol. The grafting method for Zr onto SBA-15 involves a
chemical bonding between cationic Zr species and the silanol (Si-OH)
groups present on the SBA-15 surface. This process leading to the for-
mation of Zr-O-Si- surface species through a condensation reaction.
Subsequently, ignoring the concentration of Zr species, the condensation
process continues, giving rise to the surface formation of Zr-O-Zr species,
gradually covering the surface of the SBA-15. In subsequent stages, a
calcination stage is carried out in a static oxidation environment to
eliminate organic residues and finish oxidizing the cationic Zr species
towards the formation of highly dispersible ZrO5 species on the surface.
Such chemical interactions not only secure ZrO, onto the surface but
also potentially influence the chemical environment of the SBA-15,
affecting its catalytic properties.

The Ny adsorption-desorption isotherms for both supports and cat-
alysts, depicted in Fig. S1 of the supplementary information (SI), exhibit
type IV profiles with H1 hysteresis loops according to the IUPAC clas-
sification [52]. Such isotherm patterns indicate the well-structured na-
ture of the SBA-15 materials. The bare SBA-15 sample (S sample)
exhibited the higher surface area (Sggr), 845 m?2/ g (Table 1). The
grafting of ZrO, onto the SBA-15 surface reduces the Sggr value,
exhibiting a gradual decrease related with the rising ZrO, content. The
most significant decreases in surface area, dropping up to 217 m?%/g,
occurred in the sample with the highest ZrO, content (SZr20). Grafting
ZrO, onto the SBA-15 surface also reduces the average pore diameter
(dp) as a function of ZrO, content (Table 1). As the ZrO, content in-
creases, the pore size distribution becomes narrower (Fig. 1a), this in-
dicates the potential blockage of smaller pores by ZrO, particle
deposition. As expected, the pore volume (Vp) values also show a
gradual decrease with increasing ZrO; loaded. After the rhodium was
deposited, no significant changes in the values of the textural properties
were observed (Table 1), and even the narrow distribution of dp values
was preserved (Fig. 1b).

The small-angle X-ray diffraction pattern of the synthesized SBA-15
material displays three distinct peaks typical for SBA-15-type mate-
rials (Fig. 2a). These include a pronounced peak at approximately 0.95°
(20) and two weaker peaks observed between 1.6° and 1.9° (20). The
diffraction peaks are identified as the (100), (110), and (200) reflections,
respectively, indicative of pémm hexagonal symmetry. The intense
(100) peak corresponds to a d-spacing of 9.6 nm (close to that observed
by the Nj isotherms), while the (110) and (200) peaks yield d-spacing of
5nm and 4.4 nm, respectively [55]. These measurements are in line with
a two-dimensional hexagonal pore arrangement [56].

Consistent with these findings, the HRTEM images in Fig. 3 reveal
that the materials possess a well-ordered hexagonal arrangement of
mesopores, forming a cylindrical pore structure. For supports with
higher ZrO5 content (SZr15 and SZr20 samples), a slight shift to higher
angles and a reduction in peak intensity were noted, particularly pro-
nounced in the SZr20 sample. This shift suggests a lower expansion in
the lattice structure and a decrease in pore diameter, likely due to the
ZrO, graft coating the SBA-15 surface, as detailed in Table 1. However, it
is important to know the location of zirconium oxide species within SBA-
15 is crucial, dark-field TEM imaging was employed for the SZr10 and
SZr20 samples, as shown in Fig. S2. These images offer insights into the
dispersion and locations of ZrOj;, predominantly within the SBA-15
structure. Nonetheless, the possibility of ZrO, species also forming on
the external surface of the material has not been discarded.

Similar small-angle X-ray diffraction patterns for the catalysts were
observed (Fig. S3a). This implies that the incorporation of small
amounts of rhodium does not substantially modify the structure of the
corresponding support. The powder wide angle X-ray diffraction pat-
terns for the ZrO,-modified supports and catalysts are shown in Fig. 2b
and supplementary Fig. S3b, respectively. Regardless of the ZrO, con-
tent, a broad line was observed between 15° and 35° (20), characteristic
of the amorphous siliceous phase [57]. For both the ZrO,-modified
supports and catalysts, no reflections characteristics of zirconia oxide or
rhodium phases were detected, indicating the effective dispersion of
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Fig. 1. Pore size distribution derived from the desorption branch of the bare supports a) and Rh-supported catalysts b).
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Fig. 2. Low-Angle a) and Wide-Angle b) XRD Patterns for the bare supports.

Fig. 3. Representative High-Resolution TEM Images for the S a), SZr10 b), and SZr20 c) supports.

these species on the surface.

The UV-vis DRS analysis of the ZrO,-grafting catalysts suggests well-
dispersed zirconium ions, as indicated by the spectra shown in Fig. S4.
For catalysts with lower ZrO, grafting (specifically the CZr05 sample),
an absorption peak at 202 nm was observed. This peak is associated with
the charge transfer transition from 02~ to Zr** in highly dispersed Zr**
ions located in isolated tetrahedral environments [52]. As the ZrO5 load

increased, the absorption peak corresponding to the 0%~ to Zr** charge
transfer transition shifted towards a higher wavelength. Particularly in
the CZr20 sample, this peak appeared around 207 nm. Such a red-shift in
absorption indicates a reduced dispersion of zirconium species and an
increased coordination number, likely due to the formation of Zr-O-Zr
species, indicating the formation of larger zirconium oxide structures
[58].
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X-ray photoelectron spectroscopy (XPS) on freshly reduced samples
was conducted to identify the surface zirconium oxide species present as
a function of ZrO; loaded. XPS spectra of the Zr 3d core electron levels of
freshly reduced catalysts are presented in supplementary Fig. S5a.
Binding energy (BE) values for Zr 3d and Rh 3d core electrons and the
surface atomic ratios of Zr/Si and Rh/Si for the freshly reduced catalysts
are presented in Table 2. In all catalysts, the Zr 3ds/» peak displays a
component at approximately 182.4 + 0.1 eV, close to bulk ZrO,
[58-60]. Nevertheless, an additional peak around 183.5 eV was
observed in samples with lower ZrO, content (CZr05 and CZr10 sam-
ples). The presence of a signal at a higher BE value (183.5 eV), compared
to the typical BE of the ZrO, bulk phase (182.4 eV), suggests an alter-
ation in the electronic environment of the zirconium species. This shift
could be attributed to the formation of Si — O — Zr species [58-60]. Since
that the Si atom has higher electronegativity than the Zr atom, there is a
greater localization of electron clouds around the Si atoms. This electron
cloud localization towards the Si atoms results in an increase in the BE
value.

The signal associated with Si-O-Zr species represents approximately
38% in the sample with the lowest ZrO; content (CZr05 sample).
Notably, this signal diminishes significantly as the ZrO, content in-
creases, potentially due to the surface becoming increasingly coated
with the ZrO, phase. Given that XPS is a surface-sensitive technique; its
ability to detect such changes is inherently constrained, especially under
conditions of substantial surface coverage, as suggested by the Zr/Si
atomic dispersion results (Table 2). These results suggest that a fraction
of zirconium species grafted onto the SBA-15 structure may bond to
surface Si atoms, with some zirconium atoms potentially integrating into
the framework of SiO; initial atomic layers. Such interactions result in
the formation of surface Si-O-Zr linkages and Zr-OH groups. Addition-
ally, the formation of surface Zr-O-Zr species linkages becomes
increasingly evident with higher ZrO, loadings.

Fig. 4 shows the Hy-TPR profiles of the calcined catalysts. It is
observed that all the catalysts exhibit intense reduction peaks of Hj
consumption, ranging between 147-168°C, which can be attributed to
the reduction of the RhyO3 phase into Rh° species [61-62], which was
confirmed by XPS. The Rh 3d core electrons, as shown in Fig. S5b,
exhibit a pronounced peak at approximately 307.2 + 0.1 eV (Table 2),
indicative of metallic rhodium species [63-64]. The highest reduction
temperature for this peak was noted in the rhodium-free sample at
168°C. As the ZrO; load increased, a gradual decrease in the reduction
temperature of this signal was observed, dropping to 146°C for the
sample with the highest ZrO, content (CZr20). This observation implies
that the incorporation of ZrO, lightly decreases the interaction between
rhodium oxide species and the surface. Additionally, the amount of Hy
consumed during this reduction process increased proportionally with
the ZrO, content. Additionally, the amount of Hy uptake during this
reduction process increased as a function of the ZrO,. The trend in Hy
uptake between 147-168°C was as follows: C (21.5 mmol/g) < CZr10
(21.9 mmol/g) < CZrl5 (22.6 mmol/g) < CZr20 (23.1 mmol/g). This
trend could indicate that the presence of ZrO, enhances the dispersion of
rhodium species. This finding is consistent with the Rh/Si surface atomic
dispersion data obtained from XPS (detailed in Table 2). In this sense, it
can be inferred that the addition of ZrO, modulates the interaction

Table 2
Binding energies (eV) of Zr 3d and Rh 3d core electrons and the surface atomic
ratios of Zr/Si and Rh/Si for the freshly reduced catalysts.

Sample Zr 3ds o Rh 3ds,2 Zr/Si atomic Rh/Si 1072 atomic
C - 307.3 - 7.3
CZr05 182.5 (62%) 307.2 0.032 7.6
183.5 (38%)
CZr10 182.4 (82%) 307.1 0.054 7.9
183.5 (18%)
CZrl5 182.3 (100%) 307.2 0.076 8.3
CZr20 182.2 (100%) 307.3 0.098 8.5
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Fig. 4. TPR profiles for the Rh-supported Catalysts.

between oxide rhodium species and the surface, leading to a consider-
able enhancement in the dispersion of rhodium species across the
surface.

TEM-EDX analysis was performed on the freshly reduced highest
ZrOy content sample (CZr20) to evaluate the surface distribution of
zirconium and rhodium species. The representative STEM and elemental
mapping images are shown in Fig. 5. Fig. 5a shows a representative
section for analysis, while Figs. 5b and 5c display the elemental mapping
of rhodium and zirconium species, respectively. A quantitative break-
down of these species is provided in Fig. 5d. The elemental maps
(Figs. 5b and 5c¢) indicate a uniform distribution of rhodium and zirco-
nium species on the surface.

The atomic analysis in Fig. 5d reveals a composition of 0.37% Rh,
5.82% Zr, 43.39% Si, and 50.42% O, translating to an approximate
weight composition of 1.1% metallic Rh (assuming complete reduction,
as supported by XPS data), 21.3% ZrO», and 77.6% SiO,. These results
are in line with the bulk composition determined by ICP-AES (Table 1),
confirming the uniformity of the catalyst’s surface composition.

Additionally, in the samples containing ZrO,, two additional
reduction peaks were observed at 453°C and 573°C. The intensity of the
TCD signal for these peaks intensified in proportion to the increase in
ZrOy content. These reduction peaks, characterized by their poor
hydrogen uptake, are typically indicative of both surface and bulk
reduction of the lattice oxygen in zirconia [65-66]. As expected,
hydrogen consumption escalates with the rise in ZrO5 content. However,
this oxygen desorption stage occurs at temperatures exceeding those
employed for the CO, hydrogenation reaction (300°C). It is believed that
such high-temperature desorption is unlikely to interfere with the re-
action mechanism.

3.2. CO2 methanation catalyzed by Zr-chemically grafted SBA-15
supported Rh

The supported Rh samples were tested as catalysts for the CO, hy-
drogenation reaction in a continuous flow-packed bed reactor. Fig. 6
shows the CO, conversion as a function of temperature. To further
illustrate the impact of Zr-chemically grafted SBA-15 supported Rh on
catalytic performance, we have included the activity of the Rh/ZrO, and
Rh/SiO;, catalysts, each prepared with a 1% Rh loading by weight. In the
175 to 300°C range, under the conditions employed in this study, all
materials demonstrated activity in the catalyzed CO, hydrogenation,
generating CH4 and CO as the products. As expected, an increase in the
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d) Quantitative atomic analysis
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Fig. 5. a) Representative STEM image for the CZr20 catalysts; b-c) STEM-EDX elemental mapping images of Rh and Zr; d) distribution of quantitative analysis
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Fig. 6. Steady-state CO, conversion over Rh-supported catalysts. GHSV= 15,000 h™!, Hy:COy=4:1.

reaction temperature corresponded to a rise in the percentage of COy
conversion, as depicted in Fig. 6. The rhodium catalyst supported on
zirconium-free SBA-15 demonstrated superior performance compared to
those prepared on amorphous silicon oxide, indicating the significance
of the support material in enhancing catalytic efficiency.

Notably, the CO; conversion increased gradually with the

incorporation of ZrO; on the surface of SBA-15, as observed in Fig. 6.
Upon comparing the catalytic activity of Rh supported on Zr-chemically
grafted SBA-15 against a standard Rh/ZrO2 catalyst, it was observed
that the CZr15 and CZr20 catalysts demonstrated significantly enhanced
performance, particularly at higher temperatures. However, the profile
of the obtained products was different in all samples. As detailed in
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Fig. 7a, carbon monoxide was the main product in the Rh/SBA-15 since
a small amount of methane was produced only above 250°C. In contrast,
the Rh/SiO5 catalyst demonstrated total selectivity towards CO pro-
duction across all tested temperatures.

On the other hand, the reference catalyst Rh/ZrO; showed complete
selectivity towards methane production across all tested temperatures,
while Rh supported on Zr-chemically grafted SBA-15 displayed an
increased selectivity for methane (CHy) as the ZrO, loading was raised
(Figs. 7b and 7c). This observation suggests an interplay between the
surface composition and its selectivity profile, with ZrO, loading
directly influencing methane production efficiency and inhibits the
reverse water gas shift reaction. It is important to highlight that in all
cases, the selectivity to methane increased simultaneously with the
temperature increment (Fig. 7). In contrast, an opposite behavior was
observed in the CO selectivity, decreasing with the temperature increase
(Fig. 7). Therefore, at the conditions used in this study, the CO pro-
duction occurs at low temperatures, while that higher temperature en-
hances the formation of CHy. Possibly, the CO produced by the catalysts
is completely hydrogenated at higher temperatures.

3.4. FTIR characterization during CO» hydrogenation

To obtain more details about how the addition of zirconium oxide to
Rh supported on SBA-15 samples modifies the selectivity, the surface
species formed under reaction conditions were determined by in situ
FTIR characterization.

3.4.1. Analysis of Zr-free catalyst

Fig. 8 shows the FTIR characterization of the Rh supported on the
SBA-15 sample. When the reactive mixture (6.25% COy/ 25% Hy/
68.75% N5 vol/vol) entered the FTIR reactor/cell at 175°C, several
bands emerged in the IR spectra as detailed in Fig. 8. The presence of
CO, in the cell was evidenced by the intense band at 2363 cm ™ *
attributed to the v(og) of the vibration mode of CO, in the gas phase
[67]. On the other hand, the bands located at 2016 and 1814 cm™!
(Fig. 7c) have been assigned to the stretching of the C-O bond (v(co)) of
carbonyl species bonded to Rh° in linear and bridged configuration,
respectively [68,69]. The rise of these bands suggests that a portion of
carbon dioxide is adsorbed dissociatively on the surface of metallic
rhodium to produce COads (and Ogqs).

Besides, two weak bands at 1608 and 1384 cm ™~ were detected in the
fingerprint region, as shown in Fig. 8c. These signals have been assigned
to Va(co3) and vgcos) vibration modes of carbonate species in bidentate
configuration [67]. According to Fig. 8c, the intensity of the bands
associated with Rh-carbonyls (2016 and 1814 cm V)is higher than those
of carbonate species (1608 and 1384 cm™ ). This demonstrates that the
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CO», is preferentially adsorbed on the rhodium sites (dissociatively) than
on the support (SBA-15).

As the temperature increases, the bands of Rh-carbonyl species (in
linear and bridged form) gradually increased their intensity, reaching
their maximum values at 250°C (Fig. 8c). Above this temperature, their
intensities decreased slightly. Simultaneously, a new band at 3015 cm™*
with poor intensity emerged in the C-H stretching region, which has
been assigned to the v(cyy of methane gas [70]. The decrease of the
bands of carbonyl species on Rh° (2016 and 1814 cm’l, Fig. 8¢) matches
the increment in the intensity of the band of CH,4 (3015 cm’l, Fig. 8a). It
is inferred that the Rh-carbonyl species can be involved in methane
formation, possibly via a reaction between CO,4s with H adatoms, ob-
tained by the H; dissociation on the surface of Rh sites. In the catalytic
tests, CO gas was formed as the main product. However, no evidence of
this compound was observed in the IR spectra. As observed in Fig. 8c, the
bands associated with bidentate carbonate species (on SBA-15)
increased during the experiment. This behavior is characteristic of sur-
face spectator species, which do not participate in the catalysis. Unlike
the catalytic tests, no evidence of CO gas was observed in the IR spectra
(Fig. 8c). Instead, bands of methane emerged. This can be explained by
the lower IR absorption coefficient of carbon monoxide than methane
[71].

3.4.2. Analysis of CZr10 catalyst

The IR spectra obtained under reaction conditions of the CZrl0
catalyst at increasing temperature are shown in Fig. 9. The contact be-
tween the mixture (6.25% CO-/ 25% Hs/ 68.75% N» vol/vol) and the
surface of the CZr10 at 175°C caused the appearance of similar bands to
those observed in the Zr-free catalyst. Namely, CO2g,5 (2363 em™ ), Rh-
carbonyls (2016 and 1814 cm™! in linear and bridged configuration,
respectively), and bidentate carbonate species (1610 em™ ). As
mentioned above, carbonyl and carbonate species can be formed due to
the COy adsorption on Rh sites and SBA-15, respectively. Also, an
additional band at 1572 cm ™! was detected (Fi g. 9¢). Its assignment can
be due to the v,coz) vibration mode of surface formate species on ZrOz
[72,73]. The formation of these species (formate) can be explained by i)
the reduction of bicarbonate species (by H atoms) or ii) the migration of
CO,gs from Rh° to hydroxyl groups on ZrO, [74,75]. Notably, in Fig. 9a,
it is possible to observe the band characteristic of methane gas (Fig. 9a),
demonstrating that the incorporation of ZrO, to Rh supported on SBA-15
increases the catalytic activity, as was observed in the catalytic tests
(Figs. 6 and 7).

Fig. 9 shows that the temperature increment in the FTIR cell pro-
moted several changes in the IR spectra. The bands of carbonyl species
(2016 and 1814 cm™), Fig. 9¢) decreased gradually until 250°C. At
higher temperatures, this decrease was more pronounced. The same
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trend was observed in the IR signals of formate species on ZrO; and CO3
(1574 and 2363 cm ™}, Fig. 9¢). Simultaneously, the intensity of the band
of methane grew mainly above 250°C (3015 cm™!, Fig. 9a). This
behaviour suggests that both the Rh-carbonyls (linear and bridged) and
the formate species (on ZrO2) can be hydrogenated to CH4 (by Hadtoms
derived from Hy adsorption on Rh sites).

Unlike the Zr-free catalyst, in this sample, the temperature increase
promoted that the band of carbonate species in a bidentate form on SBA-
15 (1610 cm-1, Fig. 9¢) decreased until it disappeared. Possibly, these
species can be transformed to surface formate in the vicinity of ZrO,,
given that in the Rh/SBA-15 sample, they did not decrease; thus, it is
assumed that they cannot be transformed to carbonyl species on Rh. In
addition, a new band at 1440 cm™, attributed to polydentate carbonate
species on ZrO» [76], emerged and stayed constant along the experiment
(Fig. 9¢). Therefore, it is inferred that they act as spectators and they do
not participate actively in the catalysis.

3.4.3. Analysis of CZr20 catalyst

The sample with the highest selectivity towards methane (CZr20)
was also characterized by FTIR spectroscopy under reaction conditions.
The obtained results are shown in Fig. 10. The interaction between the
reactive mixture (6.25% COy/ 25% Hy/ 68.75% N5 vol/vol) and the
sample at 175°C led to the rise of bands of Rh-carbonyls in linear and
bridge form (2016 and 1880 cm™?, Fig. 10c), indicating that the CO is
adsorbed dissociatively on the metallic rhodium surface. The intensity of
the band at 1572 cm ™! associated with the Va(co2) Vibration mode of
surface formate species was highest compared to the other tested

samples since the load of ZrO, was superior. The formate species on this
sample was bolstered by an additional band at 1384 cm ™%, attributed to
the vg(coz) vibration mode [72,73]. As mentioned above, the formation
of these species can be due to the reduction of bicarbonate species or by
the reaction between carbonyls (on Rh) and hydroxyl groups on the
support (ZrOy) [74,75]. Fig. 10a shows that in this sample, methane is
formed from 175°C, as was evidenced by the band at 3015 cm™!, in
accordance with the catalytic tests (Figs. 6 and 7). In addition, an intense
band at 1612 cm ™! emerged, similar to those observed in the spectra of
the Zr-free catalyst, which can be attributed to carbonate species (v,
(co3)) bonded to the SBA-15 surface in bidentate form.

During the heating, the bands of Rh-carbonyls and formate species
decreased sharply (Fig. 10c). Besides, the band of CO, gas 2363 em™!
(Fig. 10b) diminished while the band of methane increased markedly,
reaching the highest value among all examined samples (Figs. 8a, 9a,
and 10a). Thus, it is inferred that both Rh-carbonyls and formate species
can be involved in the transformation of CO5 to CHy4. These observations
suggest that, as described previously, the ZrO, promotes the hydroge-
nation of species derived from the CO5 adsorption.

The intensity of the band associated with bidentate carbonate species
on SBA-15 increased with the temperature increase (Fig. 10c). Hence, it
is deduced that it does not participate in the catalysis. However, the
intensity of this band was higher than in the other catalysts. Therefore,
the incorporation of ZrO, improves CO, adsorption, generating also a
kind of surface carbonate species that are not involved in this reaction.
As observed in Fig. 10c, polydentate carbonate on ZrO, was formed at
higher temperatures, as evidenced by the band at 1440 cm™! [76].
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Whose role in this reaction is as a spectator, since the intensity increased
together with the temperature increase even when the methane was
produced.

3.5. Plausible mechanism for CO» methanation on Rh-catalyst supported
on Zirconia-chemically grafted SBA-15

The data in the last sections show that the grafting of ZrO, on the
SBA-15 modifies the catalytic activity of the supported Rh samples. In
specific, the selectivity varies notably with the addition of zirconium
oxide. Without ZrO,, the Rh/SBA-15 sample inclines the selectivity
mainly towards carbon monoxide (Fig. 7a). With the incorporation of
zirconium oxide, the selectivity to methane increases gradually (Figs. 7b
and 7c). These observations suggest that in the pure catalyst (Rh/SBA-
15), the CO5 hydrogenation proceeds via RWGS reaction, generating
carbon monoxide as a result, while on grafted samples, the ZrO; pro-
motes the catalysis of the CO, methanation; in this case, methane is
formed as a product. The FTIR characterization under reaction condi-
tions showed that only Rh-carbonyl species act as intermediates in the
sample of the rhodium supported in SBA-15 (in linear and bridge
configuration, Fig. 8). For the case of the grafted catalysts, in addition to
Rh-carbonyls, surface formate species were observed. According to our
FTIR results, the formation of these species increases progressively with
the increment of the ZrO; since the intensity of the vaco2) band of
formate species grows linearly in the function of zirconium oxide load,
as detailed in Fig. 11a.

In the CO; hydrogenation reactions catalyzed by supported metals,
two proposals have been suggested regarding the origin of formate
species: (i) the reduction of bicarbonate species generated by the reac-
tion between CO; and surface hydroxyl groups and (ii) the result of the
interaction of COaqs (or COgys) with surface OH species. In both cases,
the source of these species has been associated with the presence of
hydroxyl groups on the support. Although these groups are on the sur-
face of all samples tested in this study, in the form of Si-OH and Zr-OH,
evidenced by the bands of 3728 and 3660 cm ™!, respectively (Fig. S6)
[77,78]. It is evident that in the Rh/SBA-15 sample, the silanol groups
cannot react with CO; or CO, given that bands associated with formate
species were not detected in the IR spectra (Fig. 8c). In contrast, in the
samples with ZrO, the generation of formate species increased in
function of their load (Fig. 11a). This can be explained by an increment
in the concentration of surface Zr-OH groups since the band at 3660
cm~! is more resolved in the function of ZrO; load (Fig. S6).

As mentioned above, in the grafted samples, the selectivity towards
methane increases simultaneously with the amount of surface ZrO,. In
this kind of samples, the bands of surface formate species formed due to
their interaction with the reactive mixture were intensified with
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increasing zirconium oxide content. Thus, it is possible to determine a
relation between the surface formate species (evidenced by the band at
1575 cm 1) and selectivity to methane, which has a linear behavior
(Fig. 11Db). Therefore, it is possible to assume that the formate species are
the main responsible for the methane formation in our samples (at the
conditions used in this study) since in those materials where the for-
mation of these surface species was null or poor carbon monoxide is
produced preferentially, possibly due to that the carbonyls species are
desorbed as COg;s.

Based on the results obtained in this study, we have proposed a
plausible reaction route for the CO, hydrogenation in the Rh-catalysts
supported on Zr-chemically grafted SBA-15 (Fig. 12). The process be-
gins with the adsorption of CO, and H, on the catalyst surface. The Rh®
sites are particularly effective in dissociating Hy into hydrogen atoms
(H*, Fig. 12), which are crucial for the subsequent hydrogenation steps.
Concurrently, CO, molecules interact with the surface, getting activated
and possibly forming bent CO, species. This activation is essential for
making CO, more reactive. In one route, the carbon dioxide can be
dissociated on the rhodium sites, generating Rh-carbonyls in linear and
bridged configuration (specie IA, Fig. 12). Another possible route in-
volves the formation of formate intermediates (specie II, Fig. 12),
especially facilitated by the ZrO5 components (as detailed in Fig. 11a),
which can be formed by the reduction (by H* atoms) of bicarbonate
species (specie IB, Fig. 12), whose origin can be associated to the reac-
tion between COzg,s and Zr-OH groups. However, other proposals sug-
gest that they can be produced by the migration of carbonyl species
(species IA, Fig. 12) or COgy into the OH groups on the support (ZrO,).
Hence, two main intermediates are generated as result until this point.
As discussed previously, we propose that the hydrogenation of formate
species (species II, Fig. 12) can form methane. In contrast, COgas can be
formed by carbonyls desorption on Rh sites (specie IA, Fig. 12). How-
ever, the production of CH4 via hydrogenation of Rh-CO species cannot
be ruled out completely.

4. Conclusions

This work investigated the effect of the incorporation of ZrO, on the
surface of the Rh supported on SBA-15 catalysts via chemical grafting.
The incorporation of zirconium oxide enhances the CO5 conversion and
promotes the catalysis of the COy methanation instead of the RWGS
reaction. FTIR studies reveal the formation of rhodium carbonyls in all
samples, with the ZrO,-containing samples also showing formate species
formation. This suggests a ZrO,-facilitated pathway for methane pro-
duction, likely through the hydrogenation of formate intermediates.
This study proposes that the presence of hydroxyl groups on ZrO; pro-
motes their formation. This suggests that the methane formation could
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Rh

Fig. 12. Schematic representation of the CO5 hydrogenation on Rh supported on ZrO,-grafted SBA-15 catalysts.

be associated with the hydrogenation of formate species. The reaction
pathway in the ZrOy-free sample involves CO, undergoing dissociative
adsorption on rhodium sites, forming carbonyl compounds and adsor-
bed oxygen (O_ygs). These compounds are then released as carbon
monoxide gas (CO_g,s). In contrast, for the samples with grafted ZrO»,
the carbonyl species transition to Zr-OH groups, initiating the formation
of formate species. These formate species interact with hydrogen (pro-
duced from the dissociation of Hy on Rh) to yield methane. Additionally,
the Zr-OH groups play an essential role in enhancing the formation of
formate species through the interaction with bicarbonate species,
demonstrating a distinct and more complex reaction pathway in the
presence of ZrOs.
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